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RESEARCH MEMORANDUM
AN EMPIRICAL METHOD FOR ESTIMATING TRATLING-EDGE
o
_LOADS AT TRANSONIC SFEEDS

By T. E. Skopinski
_ SUMMARY

An’ analysis of .selected experimental pressure-distrlbution data at
transonic speeds has been made for the purpose of derilving en emplrical’
method which may be used for estimating the tralling-edge loads and
bending moments at the design stage.

The resulte presented indicate that the tralling-edge normal-force
and bending-momsnt coefflclents calculated by the derived msthod follow

-the general trend of the experimental dasta and appear to be a gulde 4

where specifically applicable chordwise presswe-distributlion data at
transonic speeds are not available. The experimental data Indicate w
that two suggested methods mow being used to establlish the intensilty
and air-load distribution over the trailling edge are not valid in the
entlre transonic range for & wilde lift-coefficlent range and varlation
of airfoill types. Symmetriceal sirfoils wlith maximum thickness at or
near midchord appear to reduce the tralling-edge loads and bending
moments associated with transonlic speeds.

INTRODUCTION

The tendency toward thinner wings .and. the rearward movement of the
loads center wilith increasing speeds mseskes the deslgn of the overhanging
or trailling-sdge portion of the airfoil more Important than heretofore.

- At present, the most satisfactory method for designing the tralling-

edge portlon is by recourse to measured pressure dlstributlons covering
the desired range of Mach number and 1ift coeffilclents for the particu-
lar airfoll section. An albermatlve and acceptable method when speeds
are below the critical i1s to use computed pressure distributions.

The ususl case, however, is generally an exceptlon to the preceding

cagse so that these obvious methods camnot be employed, and it then
becomes necessary to use elther emplrical rules or be guided by resulis
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from nearly comparahle data. Since the problem of determining the
tralling-edge load 1s releted to a number of variables such as Reynolds
number, Mach number, angle of attack, alrfoll sectlon, roughness,
trailing-edge angle, end so forth, it 1s immsediately apparent that
exlisting data are not sufficlent to establish fine guldes which will
allow all of these effects to be smeparated, any more then 1t is
possible to do so for hings-moment data.

At present there are avallable two suggestlicns for design require-
ments In the transonic renge which may be used to establish the inten-
gity of the loading over the tralling edge. Both of these are based on
experimental results obtalned over a particular airfoil section and
cover only limited range of Mach number and 1i1ft. The purpose of this
paper is to analyze existing dsta regardless of range of Mach number or
sectlon in order to establish a more general empirical gulde which may
be used where elther experimental data or availasble methods for com-
puting the pressure dilstributions are Iinadequate.

The method derived is based primarily on the analysis of the
pressure distributions obtained from. 15 different NACA alrfolls,
covering all general types and, Iinsofar as possible, other geametric
variables. This paper presents & comparison of the experimental-
tralling-edge loads with those obtalned by use of the derlved method.
Algo presented for comparilson are results obtalned from requirements
now being used.

SYMBOLS
M Mach number
Reynolds number
o angle of attack, degrees
c section chord, feet
ep chord of tralling edge cénsid.ered., fractlon of sectlion chord
x dlstance along chord from leading edge of alrfoil section,
fractlon of chord
Do gtatic pressure in undisturbed stream, pounds per square foot
b} local static pressure at point on a:l_t_'foil section, pounds per

square foot
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qa dynamic ;pressure, pounds per sq_ﬁare foot
P pressure coefficlent (ﬂ;_%)
-t . maximm thickness of section, feet
-%fc | thickness ratio
cn seotion normal-force coefficient
Cnyp tralling-edge normsl-force coefficlent based on cf
oMp trailing-edge bending-moment coefficlent of trealling-edge
normsl force teken about (1.0 - of) point
K empiricsl constent to include effect of camber on trailing-
edge load
X empirical oonstant to include effect of camber on tralling-

edge load distribution

Subscripts:

o free streem .
L - lower surface

U upper surface
cr critical

ATRFOITS SELECTED

The airfolls selected for analysis are listed in teble I. The
selections made cover the various types such as the NACA l- and 5-digit
series, the laminar-flow, and the supersonic airfoils. Within each
type, an attempt has been made to maks the selection so that a range of
thickness ratio and camber would be represented and at the seme time an
adequate range of Mach number amd angle of attack could be covered.
Although this latter stipulation was mede, experimental pressure
distributions for Mach numbers &bove 0.85 covering a wide 1ift-
coefficlient renge are very meager due to elther limitations resulting
Prom model strength requlrements or to the validity of wind-tunnel data
near choking speeds. Alrfolls in group 1l represent supersonic airfolls;
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whereas airfolls In group 2 represent leminar-flow airfoils where thick-
- ness and camber are varlesd. Alrfoils of group 3 include variatlons both
in type and serles. :

EVATUATTON OF DATA AND SUGGESTED METHODS

The evaluatlon of the date consisted of Integrating pressure
distributions such &s are given in figures 1 and 2 over the rear 20, 25,
and 30 percent of the chord at varlous Mach numbers and airfoll normsl-
force coefficlents. The results of these Integrations are given in
figures 3{a) to 3(o) where the normal-force coefficlent of the rear
portion based on the equation

1.0

 (Pp, - By)ax
l-O-cf

°ne = oF

1s plotted against Mach number with chord ratio and normsal-force
coefflclent as parsmeters.

Similarly, the moment coeffilclent of the trailing-edge load about
the selected positlons wes also determined by graphical integration.
These results are glven in.Pigures 4(a) to 4(o) where the bending-
moment coefflcient, defined by the equation

l.o

= oL - ) - (1 - dx
e Cf2 1.0-cp (Fr. = %o Er. Cf)]

is plotted agalinst Mach number with sectlion normal-force coefficlent
and chord ratlo as paramesters.

Using the experimentel results in figures 3 and 4, an empirical .
method hag been derived to predict the general behavior and magnitude
of the trailing-edge normal-force and bending-moment coefficlents over
at least the aft 30 percent of the alrfoll sectlions 1n the entire
transonlc region. The varisbles used would be available at the design
stage and Include thlckness ratlo, sectlon normel-force coefficient,
camber, Mach number, and the magnitude at subcritical speeds of the
tralling-edge normal-force and bending-moment coefficiente for a
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specific type of airfoil gechion.
are as follows:

For

For

For

For

For

For

For

520.13 end M= 0.70 to M= 1.0

- —%%—)Bcn R P B

20.10<0.13 &nd M =0.75 to M= 1.0

o ot

( 0 25 )[:(on +E) - (%f)bho 6c;l + (ong) ., 60

§<o.1o and M =0.80 to M= 1.0

oo+ (538 0] s

M=1.0 to M= 1.5

onp = (en + K) (1 - M__-i,,l'())

0.13 and M = 0.70 to M= 1.0

0|t
nw

N '< P 30 )I:cn rET 4 (M), 60:] + (ch)r-f:o.éo

gz .10 < 0.13 and M= 0.75 to M = 1.0

M = '<M025 )["n*’K)X“@Mﬁ) ] <ch)M=060

2<«0.10 and M=0.80 %o M= 1.0
C .

oMy = ‘(&5—,26"') IE"II + KX + (‘Mf)M=o.60] *+ (M9 Mo0.60

The derived equatioﬁs end consbtants

(12)

(1b)

(1c)

(14)

(2a)

(2p)

(2¢)
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For M=1.0 to M= 1.5 "
omp = -Xon, - (2a)

where

K=0 for symmetrical alrfolls i

K = 0.10 for up to 2-percent cambered airfolls E

K= 0.20 for greater than 2-percent cambered airfolls

X = 0.50 for symmetrical eirfolils -

X = 0.55 for cambered airfolls

The empiricel constents K and X were determined to account for the

offects of camber on the tralling-edge load and load distribution at zero

1ift. The values for one &nd cMp for M = 0.60 are obtained for

each speciflic type of airfoll section at various sectlon normal-force

coefficlents eilther from experimental résults or fram acceptable analyti- '
cal methods. Since the magnitude of opp and cmp for a glven sectlon '
normel-force coefficlient will not vary appreciebly below the critical
Mach number, the subcritical values of cpnp &nd cMp may be used when
experimental data at M = 0.60 are not avellable for a specific type of
alrfoll section or when Myy 1is below 0.60. For Mach numbers greater
than wnity, the trailing-edge normal-force- and bending-moment-coefficient
trends obtalned on several cilrcular-src proflles by the semlempirical
meothod of reference 7 were used as a basis of determining equa-

tions 1(4) and 2(d). -

Using equations (1) and (2), the trailing-edge normal-force and
bending-moment coefficients are plotted as lines A in figures 3 and k, .
respectively, as & function of Mach number with section normel-force X
coefficient as the peramster.

For purposes of comparison, results calculated by two previously
suggested methods are also included in Pigures 3 =nd 4 as curves B and
lines C. The results shown by curve B were obtalned from an emplrical
method suggested by the Bureau of Asronautics, Depertment of the Navy,
vhich was based largely on the experimental results of reference 8.
The method 1s intended to predict the loads for at least the aft 30 per-
cent of the airfoil section. For the trelling-edge normal-force coeffil-
clent, a compressibllity Inorement Aocpy defined by the emplrical
formmla . - :

cong = 0:35(gt; - )
Gelemanmmy.
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i1s added to the velue of the normel-force coefflclent of the trailing-
edge portion considered at Mgy or M = 0.60, whichever is the greeter.
For values of M/M,, greater than 2.0 the value of this trailing-sdge
campresgsibllity increment need not exceed 0.35.

. Similerly, & compressibllity bemding-moment-coefficlent incre-
ment AcpMp defined by the formula

1s added to the bending-moment-coefficient value &t Moy or M = 0.60
when Moy 18 bBelow 0.60.

The results shown by line C in figures 3 and L4 are based on the
recommendation in reference U that the aft 30 percent of the wing chord
be designed for a uniform chordwlse loading of 0.40q at supercritical
Mach numbers. In the present cese, then, line C In flgure 3 bhas &
constent value of 0.4O for cpp and in figure 4, a constant value

of -0.20 for ocpmp-

DISCUSSION -

From exsmination of figres 3 and 4 it cem be seen that the
tralling-edge normal-force- and bending-moment-coefficient results
calculated by the method presented in this paper (lines A) follow the
general trend of the experimental data. The experimental data are
characterized by a flat portlon &t the lower Mach mumbers followed by a
rapld increase, which in most cases continued to the highest test Mach
number. In the cases where the experimental data do not follow thls
trend, 1t was concluded that the deviablons were caused by & large num-
ber of variasbles which couwld not be convenlently accounted for In a
general empirical msthod. In vlew of the fact that the proposed
emplirical method, In general, showed a slight degree of conservatism
even In these ceses, 1t may be used as a guide when experimental data
are not avallabls. ’

The vallidity of the proposed empiricel method for Mach numbers near
and gregter than unity might well be questioned since no experimental
deta in this range are presented for comparisom. Indications from data
not available for publicatlion, however, show that the empirical method
is as good a guide in this reglon as it 1s in the lower tremsonic Mach
number range.
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The two methods (curves B and lines C) suggested previously were -
not adequate for predicting the tralling-edge loads for the large
variation of airfoil types, section normal-force coefficients, and Mach
numbers shown. Since these two methods were based on limited experl- y
mentel data, they could hardly be expected to predict the genersl trends
which are observed only after a great deal of experimental transonic
data are exsmlned.

From the examination of the experimental trailing-edge normal-
force- and bending-moment-coefficient data presented in figures 3 and 4
certain general trends can be observed. Below the critical Mach num-
ber the trailing-edge normal-force and bernding-moment coefflclents
increase with chord ratlo and sectlon normal-force coefficient in
accordance with theory. Above the critical Mach number thls 1s not
necessarlly the case (see Pigs. 3(n) and 4(n)) as the normal force amnd
bending moment on the tralling edge may actually decrease wlth these
variables and the curves cross over. Apert from this difference in the
relative position of the curves which occur above a glven Mach number,
there. 1s the general tendency for the normal-force and bending-moment
coefficlents to 1ncresse rapidly to the highest Mach number reached in
the tests. In some cases, however, (for example, figs. 3(g) eamd 4(g))

a peek 1s reached followed by a rapld drop and still a more rapid rise
to the highest Mach number tested, but thls effect. seems to be.
minimized as the section normel force 1is increased. Although the

effect of the numsrous verlables involved could not be isolated, it
eppears that symmetrical alrfoils with maximum thickness &t or near .
midchord reduce the trailing-edge loads amd bending moments associated
with transonic speeds. .

Cortaln trends can also be observed wlthin each group of sirfoils
considered. In group 1, the magnitude of the trailing-edge normal-
force and bending-moment coefficlents for the thin supersonlc alrfoils
(f1gs. 3(a) to 3(c) end k(2) to 4(c)) was small for Mach numbers below
approximately 0.80. Moving the position of maximum thickness from
the 30-percent-chord position to the 50-percent-chord positlon resulted
in the change in sign of the loading end moment coefficlent over various
portions of the tralling edge. In group 2, the data for the laminaxr- ”
flow airfolls (figs. 3(d) to 3(k) amd 4(d) to k(k)) indicate that the
Mach number st which the Initlal rapid increase in the trailing-edge
normal-force and bending-moment coefficlent occurred was a function of
the thickness ratlo and, to a small extent, a function of the sectlon
normal-force coefficient. (For example, see figs. 3(£), 3(J), 4(£),
and 4(J).) In group 3, the change in series data lndicates that the
highly cambered airfoils (figs. 3(1), 3(m), ¥(1), and 4(m)) experience
large trailing-edge loads end bending momente at the low-lift condltions
as compeared to the vaelues obtained for the symmetrical and medium
cambered conventional airfoils (figs. 3(n), 3(o), 4(n), and 4(o)).
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CONCIUSIONS

The resulbts of the analysls of the tralling-edge loads abt Hransonic
speeds Indicated the following conclusions:

1. -‘The trailing-edge normal-force and bending-moment coefflcients
calculated by the derlved method follow the general trend of the
experimental data and appear to be a guide where specifically appli-
cable chordwlse pressure-distribution data at transonlc speeds are
not available. ’

2. The two suggested methods now being used to establish the
inteneity and alr-load distribution over the tralling edges of the air-
foil sections are not adesguate over the entire tramsonic range for a
large veriation of alrfoll types and section normal-force cocefficlents.

3. Although the effects of the numerous variables Involved could
not be isolated, it appears that symmetrical alrfolils with maximm
thickness at or near the mldchord reduce the traillng-edge loads and
bending moments asgociested wlth trensonlc speeds.

Langley Aeronautlcal Laboratory
Natlonal Advisory Committee for Asronautilcs
Langley Alr Force Bese, Va.
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ATRFOILS SELECTED FOR ANALYSIS

Group Alrfoll section M R_ X 10"6 Reference
1 WACA 13(30)(03)-(30)(03)] 0.30 to 0.90 | 0.TO to 1.5| 1
NACA 25(30)(03)~(30)(03)| 0.30 40 0.90 | 0.70 o 1.5] 1
NACA 25(50)(03)~(50)(03)| 0.30 0 0.90 | 0.70 4o 1.5| 1
2 | NACA 66-006 0.30 B0 0.90 | 0.70 o 1.5| 1 and unpublished
: Lengley rec-
tengnlar high-
speed~tunnel
. results
NACA 65-108 0.40 to 0.925| 1.25 o 1.9} 2
NACA 65-é08 d 20 t0 0.90 | 1.50 to 4.5 Unpublished data
: L from Ames
Aeronautical
Leboratory
NACA 65-210 0.%0 to 0.925| 0.90 to 1.4| 3 and unpublished
' Lengley 8-foot
high~-speed-
tunnel results
NACA 65-212 0.20 t0 0.90 | 1.5 to 4.5 | Unpublished data
from Ames
Aercnautical
4 Leboratory
NACA 65-213 (a8=0.5) 0.70 to 0.86 | 20 to 36 | 4, 5, and wmpudb-
. ~ .- 1lished data
from Ames
Aeronsutical
Lebaratory
NACA 65-215 (a=0.5) 0.30 to 0.85 | 1.0 0 2.0 | 6
NACA 66,2-215 (=0.6) 0.30 to 0.85 | 1.0 tc 2.0 | 6
3 NACA 16-307 0.50 to 1.09 | 2.0 to 4.5 | Unpublished
Langley
16-Poot high-
gpeed- tunnel.
. results
NACA Lh15 0.30 50 0.85 | 1.0 t0 2.0 | 6
NACA 0015 0.30 50 0.85 [ 1.0 t0 2.0 | 6 '
' ~NA CA: 7
KACA: 23015 0.30 to 0.85 | 1.0 0 2.0 | 6 .
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Figure 3.- Continued.
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Figure 3.- Continued.
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(g) Wing model having an NACA 65-210 airfoil; 30-percent semispan station.
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(k) mACA 66,2-215 (a=0.6) airfoil section.
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Figure 3.- Concluded.
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Flgure .- Comparison of experimental and ecalculated. trailing-edge bending-moment coefficients.
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(f) Wing model having an NACA 65-208 airfoil aec'ﬁion; 16-percent semispan station.
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(g) Wing model having an NACA 65-210 airfoil; 30-percent semispan station.
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(h) Wing model having an NACA 65-212 airfoil section; 16-percent semispan statlon.
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Figure L.~ Continued.
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(k) NACA 66,2-215 (a=0.6) airfoll section.

Figure 4,- Continued.
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(1) Propeller having an FACA 16-307 airfoil sectiom &t 80-percent radius statlon. .
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(m) NAGA 4415 airfoil section.
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(n) NACA 0015 airfoll section.

Figure 4.- Continued.
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Figure 4.- Concluded.
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